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TECHNICAL NOTE 2k0k 

AN ANALYTICAL INVESTIGATION OF EFFECT OF HIGH-LIFT 
FLAPS ON TAKE-OFF OF LIGHT AIRPLANES 
By Fred E. Weick^ L. E. Flanagan^ Jr.^ and H. H. Cherry 


SUMMARY 


An analytical study has been made to determine the effects of 
promising high-lift devices on the take-off characteristics of light 
(personal -owner-type) airplanes . 

Three phases of the problem of improving take-off performance by 
the use of flaps were considered. The optimum lift coefficient for 
take-off was determined for airplanes having loadings representative of 
light aircraft and flying from field surfaces encountered in personal- 
aircraft operation. Power loading^ span loading^ aspect ratio^ and 
drag coefficient were varied sufficiently to determine the effect of 
these variables on take-off performance^ and^ for each given set of 
conditions^ the lift coefficient and velocity were determined for the 
minimum distance to take off and climb to 50 feet. Existing high-lift 
and control-device data were studied and compared to determine which 
combinations of such devices appeared to offer the most suitable 
arrangements for light aircraft. Computations were made to verify that 
suitable stability^ control^ and performance can be obtained with the 
optimum devices selected when they are applied to a specific airplane. 

In addition, a typical mechanism to provide for actuation of the movable 
surfaces for both high lift and lateral control is presented. 

As a result of the study, a single slotted, full-span flap was 
selected as the high-lift device best suited for a four-place, private- 
owner-type airplane. 

An optimum speed for take-off was determined for each combination 
of airplane span loading and power loading, this speed varying only 
slightly with changes in drag and aspect ratio. For each combination 
of aspect ratio, span loading, and power loading, an optimum lift coef- 
ficient for take-off was determined. 

It was found that shortest take-off distances are obtained with 
low span loadings, power loadings, and aspect ratios and that air drag 
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and groxind friction are relatively unin^jortant at these low loadings. 
Working charts were prepared for the prediction of take-off distance 
and for the determination of the take-off speed and the resiiltant lift 
coefficient desired. 

Calculations indicate that considerable improvement in take-off 
performance of light airplanes is possible by the use of suitable high- 
lift flaps. Reductions of approximately 25 percent in the distance 
required to take off and climb to 50 feet are possible. 


INTRODUCTION 


The present trend toward the use of light (personal-owner -type) 
aircraft In farming and ranching activities and the indication that 
nearness to centers of population is important to the success of airport 
operation make it increasingly desirable that the personal airplane be 
able to take off in short distances from poorly prepared airfield sirr- 
faces. Since very little reduction in take-off distance is obtained 
from the flaps now in use on light airplanes, even though very effective 
high-lift flaps are in use on some military and transport aircraft, it 
seems likely that much can be done to Improve take-off by Judicious 
selection of high-lift -device arrangements. 

Take-off distances and the corresponding lift coefficients have 
been determined for a hypothetical transport airplane employing flaps 
(reference 1) and for a liaison-type airplane using boundeiry-layer con- 
trol (reference 2), but the problem of take-off for light airplanes 
equipped with high-lift devices has not been dealt with adequately. 
(Boundary-layer control in its present phase of development is considered 
impractical for personal aircraft and is not considered in this analysis.) 

This report covers three phases of Investigation of the problem of 
improving take-off performance by the use of flaps. The first part is 
concerned with the determination of the optimum lift coefficient for 
take-off for airplanes having loadings representative of personal air- 
craft and flying from field surfaces encountered in personal-aircraft 
operation. The analysis is made for airplanes carrying four people and 
enovigh fuel and oil for 5 hours' flight at 65 percent of full power. 

Power loading, span loading, aspect ratio, and drag coefficient are 
varied sufficiently to determine the effect of the variables on take- 
off performance, and for each given set of conditions the lift coeffi- 
cient and the velocity are determined for the minimum distance to take 
off and climb to 50 feet. 

In the second part, existing high-lift and control-device data are 
studied and compared in order to determine which combinations of such 
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devices appear to offer the most suitable arrangements for aircraft of 
the private-owner type. 

In the third part, computations are made to verify that suitable 
stability, control, and performance can be obtained with the optimum 
devices selected when they are moiinted on feasible airplane conf ig-urations . 

This work was conducted at the Personal Aircraft Research Center, 

Texas A. &. M. Research Foundation, under the sponsorship and with the 
financial assistance of the National Advisory Committee for Aeronautics. 


SYMBOLS 


P 

S 

D 

W 

A 

e 




mass density of air, slugs per cubic foot 
wing area, square feet 
airplane drag, pounds 
gross weight of airplane, pounds 

airplane lift coefficient 
aspect ratio 

wing efficiency factor based on variation of spanwise loading 
from an elliptical loading with no ground effect 

airplane drag coefficient 





b span, feet 

T^ static thrust, pounds 

P brake horsepower 

T 

'^max 


thrust, pounds 

thrust at maximum velocity, pounds 
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velocity, feet per second 
yawing -moment coefficient (N/qSb) 


yawing moment, foot-pounds 

dynamic pressure, pounds per square foot ^pV^/ 2 ) 

wing root thickness, feet 

fuselage frontal area, square feet 

weight of airplane components, pounds 

lift, pounds 

induced drag coefficient (c^^^nAe^ 

\ 

wing profile drag coefficient /Wing_j,rofile drag\ 

\ y 

acceleration due to gravity, feet per second^ 
ground friction coefficient 


= T„/P 


2(t - To)/] 

Tv /P 

Vmax/ 


PpV^ 


* constants for calciilating propeller thrust 


total take-off distance, feet 


altitude at which take-off is assumed con 5 >lete, 50 feet 

angle of flight path dioring climb with respect to horizontal, 
degrees 

section profile drag coefficient 


design section lift coefficient 


section pitching -moment coefficient 
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f 

V. 


"m 


M 


£b 

2V 

P 

R 


c 

a 


equivalent parasite area X sj 
stalling speedy feet per second 
pitching-moment coefficient (w/qcS) 

pitching moment, foot-pounds 
section lift coefficient 

helix angle generated by wing tip in roll 

angular velocity in rolling, radians per second 

Reynolds number 

flap deflection, degrees 

ground-r\m distance, feet 
chord, feet 

wing angle of attack, degrees 
section drag coefficient 


Subscripts : 

eff effective 

max maximiam conditions 

min minimum conditions 

o free-stream conditions 

opt optimum conditions 

t conditions at take-off of airplane 

u usefilL load 

conditions during ground run of airplane 
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ANALYSIS 

DETEEMINATION OF OPTIMUM LIFT COEFFICIENT 


In order that the results of this investigation might be correlated 
with those of references 1 and 2, similar assumptions were made whenever 
feasible. The assumptions of reference 2 particularly were followed^ 
except in the case of the weights of the power plant and propeller. Here 
values applicable to personal aircraft were derived. Drag data of 
reference 2 were adopted without change. 


Assumptions 

The airplane was assumed to carry four people and baggage and enough 
fuel and oil for 5 hours* cruising flight at 65 percent of full power. 

Weight breakdown .- The expressions giving the weights of the com- 
ponents are tabulated below. 


WEIGHTS OF COMPONENTS 


Component 

Expression 

Reference 

Wing 

o.o 1 ^saO-‘‘T(^)o -53 (1)0.115 

3 

Fuselage and 

O. 28 W 

Derived from study of 

landing gear 

' 

five typical airplanes 

Empennage 

0.25s 

3 

Propeller 

0.24P + 5.0 

Derived from study of 



six typical propellers 

Engine 

1.533P + 71.5 

Derived from a study of 



38 engines in 50 - to 



200 -hp class 

Passengers and 

800 lb (200 lb per passenger) 


gear 



Fuel and oil 

1 . 62 P 
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Airplane conflgviratlon . - The assumptions pertaining to the airplane 
components are as follows: 

(1) Wing: Cantilever and rectangular in plan form. 

(2) Fuselage: The frontal area F was determined from the fol- 

lowing expression of reference 4: 

F = 0.15w 

u 

where w^ was taken as 1500 pounds. The fuselage frontal area of 
19-63 square feet thus obtained was found to be a representative value 
for personal airplanes with side-by-side seating. 

(3) Landing gear: Extended during the entire take-off and climb 

to 50 feet. 

(i<-) Empennage: Area assumed to be 25 percent of the wing area. 

(5) Propeller: Fully automatic and permits development of full 

power and speed at all airspeeds . 

(6) Fuel and oil: Sufficient for 5 ho\irs of cruising at 65-percent 

power . 

Aerodynamic characteristics . - The aerodynamic characteristics of 
the assumed airplane are as follows: 

(1) Wing: The curve of profile drag coefficient against lift coef- 

ficient (fig. 1) was obtained from reference 2. (The curve of fig. 1 
is approximately an envelope of the curves for different deflections of 
a double slotted flap given on p. 221 of reference 5- The maximum value 
of L/d was obtained with a flap deflection of 35°. ) The curve was 
extrapolated for lift coefficients greater than 2.8. The induced drag 
coefficient was obtained by the expression: 



where e is the wing efficiency factor and was ass\jmed to be 0.9. 

(2) Fuselage: The fuselage drag coefficient was assumed to be 0.20 

based on fuselage frontal area (reference 3). 

(3) Landing gear: The landing-gear drag coefficient was assumed to 

be 0.05 based on fuselage frontal area (reference 3). 
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(A) Empennage: The empennage drag coefficient was assumed to be 

0.0025 based on wing area (reference 3 ) • 

The total drag coefficient based on wing area is determined by the 
expression: 


= 0.0025 + 


(i9-63)(20 + 0.05) 


+ c 


0.9nA 


D. 


Take-off maneuver .- The take-off is assumed to consist of three 
phases : 

(1) An accelerated ground run in the attitude of least resistance 

until take-off speed is reached 

(2) A circular transition arc from the end of the ground run to 

the beginning of the steady climb 

(3) Steady climb to an altitude of 50 feet 

The entire maneuver is assumed to be made at full power and with 
no wind^ starting from sea level in standard atmosphere. 


Calculations 


The horizontal distance covered in each of the three phases of the 
take-off is derived in reference 1 . These distances are: 


Ground -run 
distance 



1 + 




- B 


w/s 

W^p 



Transition 

distance 


2 W/S 

Pg 
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Climb 

distance 


h - ^ V 

1 - COS sin"^ 

Ap / 

w/p - 

.11/5 + c„ 

\Pw ■ S/ 


tan 

sin"l 

tL _ + c 

w/p V w/p Ncj^ 

; 


The total take-off distance s-^ is the sum of these three terms and may- 
be simplified into the expression: 


St = 


w/s 


Pg 


(“'^Li - <=Di) - 


log. 


2 tan ^ 
P6fi.. + L 


- Cl 


^ tan 6 *^ltaax 


1 + 


/ \ w/s 

- S) - “57? 


\ 

w7p - 


Note that C^_ is assumed to be equal to ^'^Ljjia,x *^1*1 ~ 

from reference 1. 

The procediire Involved in making a set of calculations for given 
values of w/P, w/S, A, and p is as follows: 

(1) Assume a value of 

(2) Compute values of ^I'l^ that to 

obtain Cj, and Cjj it is necessary to know the wing area S- The 
t 1 

weight V, the wing area S, the power P, and the span b can be foiind 
from figure 2, 3, or I?. The wing profile drag coefficient Cp^ can be 


found from figure 1. 
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( 3 ) Determine from figure 5^ 6, or 7* The equation of these 

curves is given in reference 2 as 

"V„ax ' I 


where 


Tv = P X C 
''max 


and 


C = 3.09 - 0.005Vn,ax 


(4) Find Ap and B from figure 8. 


(5) Compute s-t;;. 


(6) Repeat for as many values of Ct 

max 


as necessary. 


For each airplane assumed^ the take-off distance s^ is plotted 

against Cj to obtain the minimum s. and the corresponding 

max 

Figure 9 shows typical curves. 

These calculations were made for various combinations of power 
loading, span loading, and aspect ratio (see figs. 10 to 13 ). The mini- 
mum take-off distance is plotted against power loading for various span 
loadings for an aspect ratio of 7-5 in figure 10 . Figure 12 is a cross 
plot of figure 10 and shows the minimum take-off distance obtainable for 
a given power loading and span loading at an aspect ratio of 7-5* 

Figures 11 and 13 show the same variation for aspect ratios of 5 and 10 , 
respectively. 

Take-off velocities are computed from the expression 

w/s 

The main results of the computations are shown in table I. 
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Parameters Developed 

The distance required to take off and climb to a height of 50 feet 
is influenced mainly by four basic factors^ weighty power^ span^ and 
drag. It is convenient to combine the first three of these into two 
ratios, power loading W/P and span loading w/b^. 

Curves showing the take-off distances obtained for various values 
of span loading and power loading with the assumed airplane axe shown 
for aspect ratios of 5^ 7*5^ and 10 in figures 11, 12, and 13 , respec- 
tively. From these figures the approximate take-off run from a fairly 
soft field (|i = 0.2) can be obtained for an airplane equipped with a 
constant -speed propeller, with the assumption that a reasonably low drag, 
high-lift flap is available to produce a high enoiagh lift coefficient to 
obtain the optimum take-off speed. It is obvious from the charts that 
short take-off distances are obtained only with low power loadings and 
low span loadings (w/P = 10, w/b^ = 1)^ at least within the range of 
loadings that represent feasible construction. (These three charts can 
be used as working charts to obtain approximate take-off runs for per- 
sonal airplanes in general, taking off from fairly soft fields. If a 
constant -speed controllable propeller is not used, the power should be 
taken as that available at take-off.) 


Effect of Drag 

The fourth basic variable, drag, is made up of two portions, ground 
or rolling friction and air drag. For most of the computations in this 
report, the ground friction coefficient \i was assumed to have a value 
of 0.2, corresponding to a fairly soft unpaved field or one with high 
grass. In order to show the effect of the ground friction on the take- 
off run, a few additional computations were made for certain loadings 
assuming values of p of 0, 0.05, and 0.10. The results of some of 
these computations are shown in figure ik. For low loadings (w/P = 10, 
w/b^ = l) the ground friction has a relatively minor influence, whereas 
with fairly heavy loadings (w/P = 20, W/b^ = 2) the take-off run is 
very greatly Influenced by the ground friction, the distance with 
p = 0.2 being nearly three times as great as that with p = 0. It is 
apparent that airplanes with high power loadings and span loadings will 
profit greatly from smooth paved runways (p = 0.03)* 

For the consideration of the air drag of the airplane represented 
in figures 11 to 13 , the airplane, as stated previously, was assumed to 
have a relatively low drag, high-lift wing and flap (see fig. l) . In 
order to find the effect for a somewhat higher drag, computations for 
certain combinations of loadings were made assuming increases in the 
total drag coefficient at take-off of 0.1 and 0.2. The latter represents 
approximately the additional drag that would be obtained from a split 
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flap deflected sufficiently to obtain a substantial lift increase. The 
results of the computations are given in figure 15 • As in the case of 
the ground friction^ it is apparent that the additional drag has little 
effect in the case of light loadings (about 20 percent for W/P = 10 
and w/b^ = l) but that it has an exceedingly important effect with the 
higher loadings. In fact, with a power loading of 20 and a span loading 
of 2, the airplane will not take off at all with = 0.2. 


0ptim\im Speed for Take-Off 

The computations of the take-off runs with various combinations of 
drag, span loading, and power loading broiight out the interesting fact 
that, for any given set of values of span and power loadings, the optimum 
take-off speed is very nearly the same for the entire range of drags and 
aspect ratios investigated. In other words, for each combination of 
weight, power, and span, there is an approximate opt imum teike-off speed. 
If the take-off is made at a lower speed, the high induced drag increases 
the total length of the run (including the climb to 50 ft) . If a higher 
take-off speed is used, the extra ground run required lengthens the total 
distance. Curves of constant take-off speed are plotted for various span 
and power loadings in figure l6. 

When used in conjunction with the lines of constant take-off dis- 
tance plotted for various values of span and power loadings (figs. 11 
to 13), it is apparent that the loading combinations which give short 
take-off distances require low take-off speeds. 


Aspect Ratio and Lift Coefficient 

Since, for any set of values of the weight, span, and power, there 
is an optimum take-off speed, and since W = L = qC^S, in order to obtain 

the optimum take-off speed the product Cj^S remains a consteint. Thus 

it appears that the optimum take-off speed, and to the first approxi- 
mation the mini mum take-off distance, can be obtained by the use of a 

narrow-chord, high-aspect-ratio wing with a high lift coefficient or 
with a low-aspect -ratio wing with a correspondingly low lift coefficient. 
In figure 17 the take-off distance is plotted against aspect ratio for 
one combination of span and power loadings, and the maximum lift coef- 
ficients that will give the optimum take-off speed in each case are noted 

on the ciorves ^the take-off being made at O.^C j ^ j. It is apparent 

from this curve that the shortest take-off distance was obtained with 
the very lowest aspect ratio for which computations were made, 2.5, and 
that the optimum lift coefficient for this case was only 1.2. For an 
aspect ratio of 7*5 the take-off distance to a height of 50 feet would 
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be only 5 percent longer, however, assuming that a lift coefficient of 
3-2 could be obtained at the drag value shown in figure 1. 

The explanation of the shortest take-off run's occirrring with a 
very low value of aspect ratio can be obtained from an examination of 
the curve of against (fig* l) • The slight variation in take- 

off run shown in figure 17 is caused only by the difference in airfoil 
profile drag coefficients obtained with the different lift coefficients 
and flap settings. From figure 1 it is apparent that the minimum drag 
for a given lift, or the maxi mum ratio of L/d, occurs at a lift coef- 
ficient of approximately 1.4. This represents the condition under which 
the shortest take-off distance would occur. With any given set of span 
and power loadings the lift coefficient of 1.4 would always require a 
very low aspect ratio in order to obtain the opt imum take-off speed and 
the shortest take-off distance. 

If the only design consideration was to obtain a short take-off 
distance, it appears from these results that, for any given span loading, 
a very low aspect ratio should be used, and that a high lift coefficient 
would not be required. 


Compromise 

The designer of an airplane must, of course, consider other perform- 
ances also, including particularly cruising speed, range, and rate of 
climb. Application of the same line of reasoning as has been used here 
for take-off performance would lead to the use of the airfoil and flap 
at the maximum ratio of l/D, or at a lift coefficient of 1.4 with the 
flap deflected 35° for the airfoil of the computations, for each of these 
conditions of flight. This wovild result in aspect ratios of the order 
of 20 for best rate of climb and of the order of 100 for optimiom cruising 
performance. Obviously, considering that the aspect ratios of current 
personal airplanes vary from about 6 to 8, the climbing and cruising 
performances have already been severely compromised in order to obtain 
reasonably satisfactory low-speed characteristics. 

The problem of obtaining an optimum compromise for the personal 
airplane will be considered later in this report. 

If it is assumed that the presently used aspect ratios are likely 
to be fairly close to the optimum, and values found in general use often 
are, then it appears from these computations that the shortest take-off 
run would generally be obtained with a lift coefficient of approximately 3. 
The approximate gain by the use of such a lift coefficient is shown for 
one set of span and power loadings in flgirre 18 in which the take-off 
distance is given for various values of the maximvun lift coefficient. 
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In this particular case the shortest take-off distance was obtained with 
a value of 3-2. Most present personal airplanes are likely 

to have maximum lift coefficients available for the take-off condition 
of approximately 1.4. Even if flaps are used, this condition is approxi- 
mately true because the particular types of flaps generally used do not 
shorten the total take-off distance if they are deflected more than a 
small amount. For the loadings and aspect ratios used in figure l8 it 
appears that the distance required to take off and climb to 50 feet 
co\ild be reduced by 680 feet (or by about one-third) and the take-off 
speed could be reduced from 64 miles per hour to 45 miles per hour, if 
a lift coefficient of 3-2 could be obtained. Although a lift coeffi- 
cient of 3-2 appears slightly beyond the range of present high-lift 
devices (for an entire wing with good stalling characteristics), it 
appears that a value approximating 2.5 might be available with a prac- 
tical flap arrangement and that this might give a reduction in take-off 
distance of 25 percent. 

The effect of aspect ratio on is shown in figure 17 for an 

intermediate span loading and power loading. The variation of V 

with aspect ratio is slight for power loadings from 10 to 20 and span 
loadings from 1 to 3> The slope of the curve Increases slightly with 
increases in power loading at each span loading. Values of 

various configurations are given in table I. Figures 5 to 7 present 
further information concerning . 


SELECTION OF HIGH-LIFT DEVICE 


From the analysis given in the section "Determination of Optimum 
Lift Coefficient," it is apparent that, with aspect ratios commonly used 
in present-day personal airplanes, the optimum high-lift device for take- 
off over a 50-foot obstacle would produce an airplane lift coefficient 
of about 3*0 with as low a drag as possible. It was also shown that the 
take-off distance would be shortest if an aspect ratio of about 3 were 
used but that the selection of the aspect ratio involves a compromise 
between the take-off performance and the climb, cruising, and high-speed 
performance. All of the latter performances would dictate the use of 
substantially higher aspect ratios than those currently used in personal 
aircraft. For the present study, it will be assumed that the generally 
used aspect ratios ranging from about 6 to 8 are reasonably represent- 
ative of the optimum compromise. 

This phase of the report is concerned with the selection of the 
existing high-lift devices that best fulfill the above-mentioned require- 
ment of a lift coefficient of about 3.0 with low drag and at the same 
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time meet certain other design reqviirements . An optimum arrangement 
must have reasonably low drag for the cruising and high-speed end of the 
performance range and the entire high-lift and lateral -control arrange- 
ment must be simple in form and free from mechanical complications. In 
order to be useful in connection with personal aircraft, it must be low 
in cost and easy to maintain in satisfactory operating condition. 

The high-lift device must also fit in with a satisfactory lateral- 
control system which probably must permit the flaps to cover the entire 
wing span because, even with full-span flaps, no simple high-lift flap 
is available as yet that will give an ali^Jlane lift coefficient as high 
as 3.0 with reasonably low drag at the low values of the Reynolds number 
Involved . 

Recapitulating, the optimum high-lift arrangement for the present 
purpose will fulfill the following requirements: 

( 1 ) Maximum lift coefficient of approximately 3*0 

( 2 ) Low drag at high lift 

(3) Low mini mi am drag coefficient 

(L) Simplicity of structure 

(5) Feasibility of satisfactory lateral control 

Available lift and drag data on high-lift devices (references 2 
and 5 to 5^) have been examined and compared in search for those which 
might be considered optimum. Only a few were found to be of interest 
in connection with the present problem. The pertinent data on these 
are listed in table II, which ailso shows data on other typical high- 
lift devices, for the purpose of comparison. In spite of the large 
quantity of test data available, only one test (item 7 of table II) 
covers any of the best airangements at approximately the Reynolds niimber 
representing the take-off condition for a personal airplane. It has 
been necessary, therefore, to correct the other results to the value of 
the Reynolds number of Interest in this problem. The value of Reynolds 
number of 1,500,000 has been selected as representative of the best 
take-off performance likely to be obtained and the value of the maxi mum 
lift coefficient has been corrected accordingly by the method described 
in appendix A. Appendix A also describes a method of correcting drag 
coefficients at high lifts and gives the corrected values for the two 
most promising arrangements (items 6 and 11 of table II) . (Item 7 is 
omitted because of high drag.) 

It is obvious from an examination of table II that there are not 
sufficient satisfactory test data available for the selection of an 
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optimum high-lift arrangement with assurance that the field has been 
well-covered. Only two of the devices listed (items 6 and 11) were 
tested in a wind tunnel having low turbulence, and the drag data for all 
of the others show substantially higher values which are of questionable 
accuracy. Section data on low-drag as well as four-digit and five-digit 
sections en5)loying promising single and double slotted flaps at Reynolds 
n\ambers of approximately 1,000,000 obtained from a low-turbulence wind 
tunnel would be of considerable value in futiire work of the nature of 
this investigation. 

Five criteria have been set up as a basis for selection of the 
existing high-llft-device arrangement best suited for use on typical 
personal aircraft. Although a considerable number of arrangements were 
studied (table II), lack of drag data at high lift and the obviously 
excessive complications of some devices left only a few practical ones 
from which to choose. However, the complete study may be of some interest 
in showing the effect of thickness, camber, thickness form, Reynolds 
number, surface roughness, and type of high-lift device on certain air- 
foil characteristics. 

Curves showing some of these effects are included in figures 19 

to 25" The effect of camber on Cj is shown in figure 19, and the 

‘'max 

effect of thickness is shown in figure 20. Figure 21 shows the effect 

of thickness form on Ci . The effect of thickness on C7 for 

‘'max ‘•max 

flapped airfoils with both rough and smooth surface conditions is shown 

in figure 22. Figure 23 shows the variation of L/d at 0.9c 7 with 

‘'max 

design lift coefficient for several thicknesses, and figure 24 shows the 

effect of Reynolds number on l/d at 0.9c 7 for several sections. 

‘max 

The effect of Reynolds number on c^ at 0.9c 7 for various airfoil 

o ‘■max 

sections is shown in figure 25. 

Maximum lift coefficient .- Fortunately, comparative tests with 
flapped and unflapped airfoils have shown that, for airfoils of a given 
thickness ratio, the increment in lift due to the flap is approximately 
the same regardless of reasonable variation of airfoil camber. Therefore, 
for any given flap, the highest lift will most likely be obtained with 
the basic airfoil giving the highest lift. The test results considered 
were all obtained from low-turbulence wind tunnels. Unfortunately, they 
do not indicate clearly that any particxilar airfoil shape is the best 
for giving either a high lift coefficient or a low drag at high lift, 
at a Reynolds number of 1,500,000. This finding is not in accordance 
with what one woiild expect from the best previous compilation of airfoil 
data at various Reynolds numbers, which gives a summary of many results 
obtained in the MCA variable-density wind t\mnel (reference 6). From 
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this summary, it appeared that our present requirements would have been 
met by a thick, highly cambered airfoil, such as the NACA 8318. The 
low-turbulence wind-tunnel data, however, indicate that the camber prob- 
ably should be relatively low ^c^, = 0.2 to and that, considering 

the airfoil alone, the thickness ratio should not be greater than 
12 percent . There is ample information available to show, on the other 
hand, that a flap will give a substantially larger lift increase on a 
thick airfoil than on a thin one, and the highest lift coefficient with 
a flap would probably be obtained with a relatively thick airfoil. 

It appears that the maximum lift coefficient obtained may be so 
critically influenced by a number of factors, such as the exact condi- 
tion of the airfoil surface and the nature of the air flow in the wind 
tunnel, that the underlying trends sought are masked. If this is the 
case, the particvilar form of airfoil selected for an actual airplane may 
be of less lnqjortance with regard to the maximum lift coefficient obtained 
than these other factors of surface condition, cleanliness, imperfection 
of contoiir in actual construction, and so forth. 

Considering the indecisive nature of the data available, no definite 
recommendation can be made from the information on airfoils alone for 
obtaining the optimum high-lift condition with a flap. The only course 
open, then, is the selection of a hlgh-llft wing from the meager satis- 
factory test data available on flapped airfoils at low Reynolds numbers 
and with low turbulence. Items 6 and 11 from table II thus appear to be 
the only ones from which suitable data are available. 

From the drag data available on these two high-lift arrangements, 
it appears that the maxi mum flap deflections that can be used to improve 
take-off are approximately 30° for the single slotted flap and 35° for 
the double slotted flap. At these deflections and at the take-off 
Reynolds number of approximately 1,500,000, either of these high-lift 
devices gives a value of the maximum lift coefficient of approximately 
2.5, neglecting the effect of roughness. Unfortunately, this is not so 
high as the value desired (approx. 3-0), but it is high enough to give 
a substantial improvement in take-off performance over that of present- 
day personal airplanes. 

Drag at high lift . - The optimum high-lift device for take-off must 
give not only high lift but also low drag at the high lift. Drag data 
at high lift for most of the arrangements considered are very scarce. 

A comparison of all the arrangements on the basis of drag at maximum lift 
is not possible, but items 6 and 11 of table II both have lower drag in 
the range of higher lift coefficients than the other configurations. 

Minimum drag coefficient .- It is obvious that, in order for a 
flapped airfoil to have a low drag in high-speed or cruising flight. 
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the airfoil must have a smooth form free from slots and ridges when the 
flap is retracted. Both the single slotted flap of item 11 and the 
double slotted flap of item 6 in table II are arranged to fit smoothly 
into a recess at the rear of the main wing when the flaps are retracted. 
They both appear to be satisfactory in this report. 

Simplicity of structure .- The simplest possible flap arrangement 
is probably that in which the flap is deflected about a single hinge 
axis. On the other hand, a greater increase in lift is obtained by 
flaps which extend rearward, such as the Fowler or Zap types. Flaps of 
this type have made use of tracks or relatively complicated linkages 
which, up to the present time, have not been used on personal aircraft, 
in spite of the fact that their advantages were known to the designers. 
The single and double slotted flaps of items 6 and 11 in table II appear 
to accomplish a fair compromise in this respect in personal aircraft. 

If used with a maximum flap deflection of about 30° or 35°, they can be 
deflected about a single hinge axis which is placed low enough to provide 
substantial movement to the rear as the flap is deflected. This arrange- 
ment would entail the disadvantages of external hinge brackets, but their 
drag might be considered acceptable on most personal aircraft. In case 
this were not so, the external hinges could be replaced by a linkage that 
is housed entirely within the wing when the flap is retracted. 

Since either the single slotted flap or the double slotted flap can 
use a single hinge axis for the maximum deflection desired for take-off, 
and since at this deflection both of them give substantially the same 
value of the maximum lift coefficient, it appears that the single slotted 
flap is preferable for the present purpose because of its simpler 
construction. 

Lateral control .- As previously mentioned, because of the fact that 
the best maximimi-lift flap yields a lift coefficient substantially under 
the optimum value of about 3-0, it will be desirable for best take-off 
performance to use flaps over the entire span of the wing. A mmber of 
lateral-control devices permitting full- span flaps have been developed 
(references 52 to 54). The most likely of these for the present purpose 
are retractable ailerons or their modifications called plug ailerons . 

It appears that ailerons of this type could be used satisfactorily, but 
they do represent extra complications in the form of internal wing com- 
partments, hinges, controls, and the surfaces themselves. They are 
usable because they provide the rolling moment required, together with 
relatively satisfactory yawing moments. 

The yawing moments are likely to be of critical Importance in 
connection with lateral control obtained at very high lift coefficient, 
and, if some provision could be made to obtain satisfactory yawing 
moments without extra control surfaces, extreme simplicity might possibly 
be achieved by deflecting the flaps themselves differentially in order 
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to obtain the rolling moment required. The rolling moments required 
for satisfactory lateral control induce a large adverse yawing moment 
in flight at high lift coefficients. This induced adverse yawing moment 
is at least partially opposed by the increased drag of the retractable 
(spoiler-type) ailerons. The induced adverse yawing moment could 
obviously be opposed with less cost in drag by means of a rudder control. 
The idea of coupling the rudder with the lateral-control system, at least 
to a sufficient extent to counteract the adverse yawing moments caused 
by the lateral -control system, has been examined in connection with the 
present problem of applying high-lift flaps to personal airplanes. The 
following arrangement appears promising. 

A single slotted flap of the form of item 11 in table II is used 

over the full span of each side of the airplane. The flaps are deflected 

downward 30^ for the take-off (or landing) condition and the rolling 
moment for lateral control is obtained by an extreme differential motion 
which moves one side up approximately 15^. The other side at first moves 
down about 2^ and then the linkage passes over dead center and at the 
full deflection of the up-moving flap, the downward-moving flap arrives 
back at zero (from the original 30^^ flap position). The rudder is elas- 
tically connected to the lateral -control system so that it is deflected 
the correct amount to overcome the adverse yawing moments. Thus an 
ideal rolling control free from yawing effect is closely approached. 

Because the rudder is coupled into the system by an elastic means, the 

pilot can use his rudder pedals to overcontrol the rudder in any way 
he sees fit. With a rigid linkage the system would also lend itself to 
two -control operation. 

Under conditions of flight with the flap retracted, the differential 
action of the flaps used as ailerons is reversed, almost all the deflec- 
tion being on the downward -moving side. This gives a larger adverse 
yawing moment than the usual aileron arrangement, but the rudder is still 
linked with the control system in such a manner that the adverse yawing 
moment is overcome. 

It appears that a very simple control linkage can be used to obtain 
all of these results. This will be taken up in greater detail in the 
following section of this report, which will cover the application of 
the high-lift and lateral-control arrangement to a typical personal- 
type airplane. The arrangement just described is the simplest that has 
been found to give promise of satisfactory lateral control with full use 
of the best high-lift device available for the purpose. 
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APPLICATION OF SELECTED HIGH -LIFT DEVICE TO TYPICAL AIRPLANE 


This phase of this report consists of an analysis of *a selected 
airplane modified by the incorporation of a high-lift device and airfoil 
section chosen from the various arrangements studied in the second part 
of the investigation. The analysis is made with respect to performance, 
stability, and control. General data for the airplane as designed and 
built and for a modified configviration are listed in table III. 

It is proposed to use a fvill-span single slotted flap of 0.25 chord 
in conjunction with the NACA 63,4-420 airfoil as shown in figure 3 of 
reference 7 3-s the high-lift device. Of all the arrangements investi- 
gated, this configiiration appears to be the most satisfactory based on 
the five requirements given in the section "Selection of High-Lift 
Device." It is not implied, however, that the NACA 63,4-420 section is 
the best section for use on personal aircraft. External brackets present 
the most simple form of flap support. Assuming that the flaps would be 
drooped 5° for the cruise condition, it would be possible to operate the 
surfaces differentially as ailerons with the allowance for a slight 
upward movement from the normal position. A description of a type of 
control linkage for such an arrangement is presented in appendix B. 

The high negative values of c^j^ shown in the section data of 

figure 3^ reference J , for the flaps down condition indicate that exces- 
sive diving tendencies might be experienced with forward center-of- 
gravity locations. The use of the full-span flaps differentially as 
ailerons introduces the possibility of excessive adverse yawing tenden- 
cies. The investigation in this phase of the study, with respect to 
stability and control, embraces both the high-speed and low-speed condi- 
tions with flaps up and the low-speed condition with flaps down. The 
empennage characteristics used in the analysis are those of the actual 
empennage of the typical airplane selected. 

Performance . - The performance analysis of the modified version of 
the selected airplane is generally considered in the light of the change 
in drag and weight with the change in the wing, since no other differ- 
ences in configuration are Involved. 

The existing wing of the selected airplane is a modified NACA 43012 
section while the modified version of the wing uses an NACA 63,4-420 air- 
foil. A measure of the effect of changing sections on the performance may 
be determined from section data of the two airfoils. Taking the difference 
between the product of for the 43012 airfoil times qS of the 

^o 

original wing and the product of for the 63,4-420 airfoil times 
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qS of the modified wing and dividing by the total drag of the airplane 
give the percentage change in drag. 

No data for direct comparison of the NACA 43012 airfoil with the 
NACA 63^4-420 airfoil are available^ but^ from table I of reference 6, 
a comparison of the NACA 43012 and 23012 sections can be obtained. The 
values of minimum drag coefficient at comparable Reynolds numbers are 
found to be 0.0070 for the 23012 section and 0.0079 for the 43012 air- 
foil section. 

A value of minimum drag coefficient for the NACA 23012 section has 
been obtained in the NACA two-dimensional low-turb\ilence tunnel and is 
comparable with the section data of the NACA 63,4-420 section as found 
in figure 12, reference 5. The value of the drag coefficient of the 
43012 section used for comparison is taken as that for the 23012 section 
from reference 5 increased by the difference of the section data from 
reference 6. The section drag coefficient for comparison then becomes 


0.0060 + (0.0079 - 0.0070) = 0.0069 

From reference 7 , the section drag coefficient of the NACA 63 , 4-420 sec- 
tion is (for flaps at 5 °) O.OO62. 

The change in drag area then becomes 

f = 0.0062 X 192 - 0.0069 X 165 

= 0.005 sq ft 

and, for a total f for the airplane of approximately 7.0 square feet 
(based on the method of drag estimation outlined in the first phase of 
this report), the percentage change in the drag is 

X 100 = 0.07 percent 


The change in weight of the airplane with the change in the wing 
is estimated from the relationship stressed in the equation for wing 
weight used in the first part of this report. The equation is 
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Since the span and gross weight remain constant^ the ratio of the 
weight of the modified wing to that of the original wing becomes 


The wing weight involves only some 10 percent of the gross weight of the 
airplane so that the total change in gross weight is only one-tenth of 
1 percent. 

With this negligible change in drag and in weight, and since no 
change in span loading or power loading has been made, no further anal- 
ysis is included for performance items such as speed, climb, ceilings, 
range, and so forth, for these will all remain substantially unchanged. 

The primary consideration of take-off distance is investigated 
using the method of analysis described in the first phase of this 
report . 

The wing section and high-lift device chosen for the modified ver- 
sion, from section data taken from reference 7^ develop a maximum lift 
coefficient of about 3-0 at ^ 0 ^ flap deflection. Limiting the flap 
deflection to 30^ for lateral-control considerations reduces the maximum 
section lift coefficient to about 2.8. From the information in the 
second part of the study, it has been estimated that the effect of 
decreased Reynolds number, body interference, and surface roughness 
reduces the expected value of the maximum lift coefficient to 2.3* 

From the data in the first part of this report, the optimum lift 
coefficient for take-off with the aspect ratio of the original version 
of the selected airplane (8.75) is found to be about 3-5* Decreasing 
the aspect ratio decreases the optimum lift coefficient, and, for the 
modified wing of aspect ratio 7*5^ the optimum is somewhat less. 
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Calculations show that^ for the airplane with the original wing 

area and aspect ratio and an estimated value of Cj of 1.4, an 

•4nax 

increase of the lift coefficient to 2.3 would resxilt in a reduction of 
25 percent in the take-off distance over a 50-foot obstacle. This 
represents a decrease of some 400 feet. By holding the span constant 
but increasing the chord to reduce the aspect ratio to and realizing 

the value of 2.3 for Ct , the take-off distance is reduced some 

nnax 

31.4 percent from the distance computed for the original wing and Ct 

■Tnax 

of 1.4. C\irves of take-off distance against Cj^ for the aspect 

max 

ratios under consideration are shown in figure 26. 

The greatest percentage improvement results from the increase in 
maximum lift coefficient, but some improvement is realized from the lower 
aspect ratio, which decreases the optimum lift coefficient and reduces 
the difference between the optimum and attainable values. 

For a reduced pay-load condition (useful load of 500 lb) the same 

increase in Ct from 1.4 to 2.3 and in aspect ratio from 8.75 to 7*5 
Tiiax 

results in a calculated reduction of take-off distance of 26.4 percent. 

Take-off speeds ^ at 0.9C]^^ ^ are also substantially reduced. The 

speed for the fully loaded condition decreases 27.6 percent and that for 
the light load condition decreases 2J.J percent with the increase in lift 
coefficient and decrease in aspect ratio between the original airplane 
and modified version. 

The landing distance for the modified version of the selected air- 
plane is of some consideration since, for simplicity of construction and 
for assurance of adequate lateral control at low speed, the flap deflec- 
tion has been limited to 30°. At this deflection, the flap drag has not 
greatly increased and, consequently, the landing distance over a 50-foot 
obstacle can be expected to be somewhat adversely affected because of 
the relatively high values of L/d and the resulting flap glide path 
and long transition distance. 

The landing distance may be influenced by several factors but, since 
the primary interest is in designing for a short take-off using high 
lift, the drag is the important variable for landing considerations. 

The increased drag needed for a steep glide path and shorter landings 
may be either profile or Induced drag. An increase in profile drag, 
when not available with increased flap deflection because of certain 
restrictions, may be obtained with an additional drag flap. This solu- 
tion, however, adds weight and requires an extra control to provide for 
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the difference in configuration for landing where the drag is required 
and for take-off where the extra drag cannot be tolerated. Such drag 
devices miist be of considerable size to be effective in decreasing the 
landing distance. 

The induced drag may be substantially increased with a decrease in 
aspect ratio, but variations in this fundamental parameter should be 
made with caneful consideration of its effect on other performance items. 

Calculations of landing distance over a 50-foot obstacle are based 
on the method described in reference 55* The equations are listed below: 


Distance to glide d^^ = 


5°(=l) 


GL 


('^d) 


GL 


Transition distance = 


. 033 ^( 




(Cd) 


TR 


0.033^Vl^ fn/L\ 


Braked roll dj^ = — log^ I ' 


(d/l) - \ ^ / 


Landing distance = d, 


50 


= ^GL ^ 


‘'l 


The glide is assumed to be made at 1.2Vs^ the touchdown speed, at 
l.OVg, and the value of is taken as 0.5 for the braked roll. The 
ground effect on the induced drag is also included. 

Stnce take-off and landing distances are so closely related, in 
that the larger of the two defines the size of the field from which an 
airplane can be operated, they should be considered simultaneously. 
Assuming that the span is held constant, changes in weight with changes 

in wing area were considered, but variations in Ct with Reynolds 

•4nax 

number were found to be of the order of 1 percent and were neglected. 
The results of the study of the effect of aspect ratio on take-off and 
landing distances are shown in figure 27 . 
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The take-off distance with the assumed hlgh-llft wing arrangement 
having a maximum lift coefficient of 2,3 is found to decrease with a 
decrease in aspect ratio to a minimum at an aspect ratio of 6 for this 
partlciilar combination of power loading and span loading. At lower 
aspect ratios, the higher induced drag and profile drag, as well as the 
increasing wing weight, tend to cause the distances to increase. The 
operating conditions are also moving away from the optimum, since it 
has been shown that lower lift coefficients are desirable for lower 
aspect ratios. Stated in another manner, at values of aspect ratio 
below 6 for this particular configuration, small decreases in take-off 
distances might be realized if the airplane were held on the ground 
vintll it had accelerated to a higher speed (represented by the optl- 
mtun Cp for that aspect ratio) before beginning the climb. The effect 

of decreasing aspect ratio is found to decrease landing distances over 
the range of configurations investigated. 

Longitudinal stability and control ,- The method by which an anal- 
ysis of the longitudinal stability and control is made is covered in 
detail in appendix C , 

A study of figures 28 to 32 indicates that the selected airplane 
with the modified wing will be longitudinally stable throughout the 
range of lift coefficients available. The value of -^dCjj^/dCj^j for the 

case of flaps down 5° for cruise operation with the center of gravity 
located at 35 percent mean aerodynamic chord is 0,127- This value 
Increases for flap deflections of 30° and for forward movement of the 
center of gravity. 

For the take-off consideration, with flaps deflected 30° and a 
speed of 50 miles per hour, 28*^ up elevator is required for trim with 
the center of gravity at 15 percent mean aerodynamic chord. The 
required amount of up elevator decreases as the center of gravity moves 
rearward, and, for the 50 mlles-per-hoiu speed, is 19,6° for the center 
of gravity at 25 percent mean aerodynamic chord and 10,7° for 35-percent 
mean-aerodynamic -chord location. At L5 miles-per-hour take-off speed, 
the required elevator deflection for trim rapidly increases. Figure 29 
shows that 25° up elevator is required for the 25-percent mean- 
aerodynamic-chord center-of -gravity location and that lL° is required 
for the center of gravity at 35 percent mean aerodynamic chord. At 
this low speed and with the conf igixration studied, the elevator deflec- 
tion for the center-of -gravity location at 15 percent mean aerodynamic 
chord is out of the usable range. As the speed increases the elevator 
becomes more effective and the airplane will trim at lower values of 
elevator deflection. 

The cruise condition with flaps deflected 5° is fo\ind to be less 
critical than the take-off consideration. This is as expected since 
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the pitching-moment coefficient for flaps down 5° is only some 30 percent 
of the value for the 30° flap deflection. Elevator deflections from 
15° up to about 5° down cover both the center-of -gravity and speed reinge 
of the airplane. 

Lateral control .- The problem of maintaining adequate lateral con- 
trol, especially at low speeds, is one of primary importance. If the 
airplane is to operate successfully, it must not only be capable of 
demonstrating the level of performance demanded but also possess satis- 
factory flying and handling qualities . 

With the decision to use a full-span flap to obtain the high lift 
for good take-off performance, the method of securing adequate lateral 
control must be cai-efully considered. 

A study of the section data of reference 7 shows that the lift 
coefficient is increased with flap deflection to a deflection of some 
30°. At a deflection of 35°^ no firrther increase in c^ is obtained, 

and, at higher deflections, the value of c^ is decreased. 

The investigation of the take-off performance revealed that the 
30 ° flap deflection was about the optimum setting but, for good landing 
characteristics, it might be desirable to use higher deflections to 
decrease the value of l/D and steepen the glide path. 

Consideration of the lateral-control problem, since the full-span 
flaps are to be used differentially as ailerons, limits the amount of 
deflection to be used. Pt is desired so to arrange the aileron control 
that, when it is deflected downward, an increase in lift on the wing is 
obtained. With the flaps full down, the flap on one wing is raised so 
that the lift decreases and a rolling maneuver is executed. The other 
flap, with the control linkage assumed, rotates downward a small amount 
and returns to the original position. In order to eliminate the possi- 
bility of a loss of lift with the downward deflection on this wing, the 
limit flap deflection was taken as 30 °. 

An example of the method used for the analysis of the lateral - 
control problem is presented in appendix B. 

Using the rolling criterion of reference 56 , which sets up the 
minimum value of pb/2V = 0.07, and using the equation for the predic- 
tion of aileron effectiveness from the same source, the deflections of 
the full-span flaps used differentially as ailerons were determined and 
evaluated. 

The adverse yawing tendencies associated with the rolling maneuvers 
for the flaps -up condition at both low and high speed and for the 
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low-speed condition with flaps down were determined in the manner 
described in the example in appendix C . 

Figure 33 shows that^ for the flaps -up condition and at a fairly 
low speed (75 mph) ^ only 7° rudder deflection is required to overcome 
the adverse yaw. The required rudder deflection decreases as the speed 
increases. For the flaps-down condition at 50 miles per hour, 10.75° 
rudder deflection is required, and the deflection decreases to 4.5° a^t 
75 miles per hour. 

The present vertical -tail arrangement of the selected airplane 
allows 150 deflection to either side. All calculated values of the 
amovmt of rudder deflection required to overcome the adverse yaw due to 
rolling throughout the entire speed range and within the deflection 
limits of the full-span flaps axe well within the limits of the existing 
tall configuration. 


CONCLUSIONS 


The res\ilts of an analytical investigation of the effects of hlgh- 
11ft flaps on the take-off characteristics of light airplanes indicate 
the following conclusions: 

1. The shortest distances to take off and climb to a height of 
50 feet are obtained only when both the span loading and the power 
loading are low. 

2. Both the ground friction and the air drag are of critical impor- 
tance with heavy span and power loadings, but they are relatively xmim- 
portant at the lightest loadings considered. 

3. For each combination of span and power loadings there is an 
optimum take-off speed which varies but slightly with changes in drag 
or aspect ratio. 

4. The shortest distances to take off and climb to a height of 
50 feet are obtained with aspect ratios of less than 3 and a maximum 
lift coefficient of approximately 1.4, although distances only slightly 
greater can be obtained with aspect ratios of 6 to 8 if proportionately 
higher lift coefficients are available so that the same take-off speed 
is used. 

5* The optimum value of maximimi lift coefficient for the take-off 
over a 50-foot obstacle with airplanes having aspect ratios of 6 to 8 
is in the neighborhood of 3*0. 
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6. Although flapped wings with maximum values of section lift coef- 
ficient of 3-0 are available, the best of those which are simple enough 
to be suitable for personal airplanes have values of approximately 2.5. 

7 • The experimental data available are not adequate to determine 
the optimum airfoil camber, thickness, or thickness distribution to 
obtain high lift with low drag. It appears that the maximum lift coef- 
ficient is so critically Influenced by secondary factors, such as sur- 
face condition and the nature of the air flow in the wind tunnel, that 
the underlying trends due to section variations are masked. 

8. For the piirpose of the present study, one of the most likely 
high-lift arrangements for use on personal airplanes is the single 
slotted flap covering the entire span of the wing. Lateral control can 
be obtained simply by deflecting the right and left wing flaps differ- 
entially as ailerons, with the rudder tied in elastically to overcome 
the adverse yawing moment. 

9. The high-lift and lateral-control arrangement selected, when 
applied to a typical four-place personal airplane, qould improve the 
take-off distance required to clear a 50-foot obstacle by 25 percent, 
apparently with no detrimental effect on the speed and climb performances 
or on the weight or simplicity of construction. 


Agricultural and Mechanical College of Texas 
College Station, Texas, June 1 , 19^9 
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APPENDIX A 

METHOD FOR MAKING CORRECTIONS FOR REYNOLDS NUMBER AND ROUGHNESS 

DISCUSSION OF METHOD 


Table II summarizes data taken from references on high-lift-device 
arrangements. Most of these data are based on wind-tunnel tests of 
smooth airfoils of infinite aspect ratio at Reynolds numbers of 3 X 10° 
and above. The practical application of these data to the problem of 
personal-airplane take-off requires that they be corrected to a take-off 

Reynolds number of about 1.5 x 10^ and to the airfoil surface roughness 
likely to occur under operating conditions. A method for making these 
corrections has been developed. 

Correction of c-j for Reynolds number.- The variation of C 7 

max ^max 

with Reynolds number for various NACA basic airfoils is putlished in 
reference 1 ; curves giving the variation for certain of these airfoils 
are shown in figure However, there is little information available 

that shows this variation for the 6 - series sections in the low Reynolds 

number range. The values of Ci for these low-drag basic airfoils 

max 

at Reynolds numbers of approximately 3, 6 , and 9 X 10^ were studied, 

and, for certain of the sections, plots of Ac 7 against Reynolds 

^max 

number were made and are shown in figure 35* These sections were clas- 
sified as to the type of curve, as outlined in reference 1, that they 
most nearly fit. The same types of curves were made for certain 6-series 
sections with flaps, and it was found that these curves could be simi- 
larly classified. This is shown in figure 36 . 

Correction of c^ at 0.9^i for Reynolds number.- Because of 

^ ^max 

the difficulties involved in measuring drag at high lift by the usual 
wind-tunnel techniques., it is felt that published values of c^ at 

0 . 9 c 7 for basic airfoil sections may be subject to doubt, and the 
‘'max 

same values for airfoils equipped with high-lift devices are even more 
doubtful. Since these basic data are questionable, any corrections 
applied to them will be open to question, also. Reference 7 contains 
drag data for the NACA 6^^-kl8 section with a double slotted flap at 

a Reynolds number of 1.9 X 10^ and lift data at a Reynolds number of 
6 X 10^. An attempt was made to utilize these data in developing 
the method of correcting c^ for Reynolds number, but, since the 
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drag data were not given for the higher lift coefficients for any 
of the flap deflections and since no data were available for that 
particular airfoil and flap combination at Reynolds numbers higher than 

1.9 X 10^^ no satisfactory correlation could be obtained. However^ a 
method is outlined for making Reynolds number corrections. This method 
gave reasonable results when used in the analysis of the particular air- 
foil and flap configuration selected but is not proposed as being appli- 
cable to all other configurations. The method is as follows: 

( 1 ) Correct /c^^ to R=1.5x 10^. This is done by extra- 

V ^oymin 

polation from higher Reynolds numbers. Reference 1 suggests a method 
of extrapolating^ but this method should be used with caution when 
applied to low-drag airfoils. Graphical extrapolation is possible^ 
providing the typical reflex of the curve does not fall in the range of 
Reynolds numbers involved. 

( 2 ) Draw an approximate curve of against ci at R=1.5x 10^ 

through the corrected value of /c^ \ and duplicate the shape of the 

\ ^o/min 

curve for the next highest Reynolds number for which a curve is known. 

This approximate curve is drawn only to high enough values of c^ to 

establish the trend of the increase in c^ beyond (c^ \ with C 7 . 

^o \ ^o/min ^ 

Fair out the ’’bucket" of the drag curve to approximate the typical curve 

of a conventional airfoil. Locate the value of C 7 at the minimum 

^opt 

Cj of the faired curve. (See fig. k-2 of reference 6). 

^o 

( 3 ) Determine the value of , 

C7 - C7 

^max ^opt 

taken from reference. 6^ find Ac^ . Add this Ac^ 

^o o 

faired curve to obtain c^ at 0 . 9 c 7 

^o ^max 

Correction of C 7 for roughness.- A study of the effect of sur- 

max 

face roughness on C 7 indicates that this effect varies with 

max 

Reynolds number and airfoil thickness, the greatest loss in C 7 

^max 

occurring for thin airfoils at high Reynolds numbers. Figure taken 

from reference 8 , shows the effect of roughness on C 7 at various 

^max 

Reynolds numbers for several low-drag airfoils with flaps. 


From figure 37^ 

to (c^ \ of the 

\ ^o/min 
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Correction of at 0 - 9 ^i for roughness . - In order to 

22 ^max 

correct c^ at 0.9c 7 for surface roughness, it is assumed that 
o ^max 

the effect of roughness is to cause the laminar boundary layer (assumed 
to exist from the leading edge to the minimum pressure point) to change 
completely to a turbulent boimdary layer. It is further assumed that 
the change in c^ with roughness at a given Reynolds number is propor- 
tional to the change in the skin-friction drag coefficient that occurs 
when the boundary layer of a flat plate having a chord equal to the 
distance from the leading edge of the airfoil to the minimum pressure 
point changes from completely laminar to completely turbulent. This may 
be expressed as^ 


) . 1 
\ ^o/minj 

% 

[(^<io)»ln] 

hi 

ro 

0 

1 

0 

' 

I'l-T - 'fLl 

*R2 


It is assumed that Ac^ at 0 . 9 c 7 due to roughness will have 

o ^max 

the same value as /Ac^ \ due to roi:ighness. 

\ oymin 


EXAMPLE OF CALCULATION OF CORRECTED COEFFICIENTS 


Corrections as outlined in the above method are made for item 11 
of table II. 

Correction of C7 for Reynolds number.- The curve of Reynolds 
^max 

number against Ac 7 for the basic NACA 63 1 ^-" 4-20 section is shown in 

^max 

figure 35 * This variation corresponds to curve D -0 of figure The 

correction is determined as follows: 

At R = 1.5 X 10 ^, 

Ac^ = - 0.42 
^max 

At R = 6 X 10 ^^ 


Ac 7 =-0.05 

^max 
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The change in c-j from the value at R = 6 x 10^ due to the decrease 
^max 

in R is -0,37 for the basic section. Since no data showing the value 

of the reduction in c, for single slotted flaps are available, it 

max 

is assumed the reduction is the same as that for the basic airfoil. 

At R = 6 X 10^ and 6^ = 30°, 


cj = 2.82 (fig. 39) 
max 


At R = 1.5 X 10° and 5^ 


30°, 


C-, = 2.82 - 0.37 

^max 

= 2.14-5 


0.9c 7 (uncorrected for roughness) = 2.06 

^max 


Correction of c^ at 0.9c 7 for Reynolds number.- The correc- 

^ ^max 

tion of c^ at 0.9c 7 for Reynolds number is determined as follows: 

^o ^max 

(1) At R = 1.5 X 10^, 



min 


0.0059 


for the basic NACA 63,4-420 section (fig. 40) . 


(c. \ at R = 1.5 X 10^ 


(c^ \ at R = 6 X 10^ 



( °ojmin 


= 0.0059 - 0.0058 


0.0001 (fig. 4l) 
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Assuming that the /c ^ \ increment holds good for a flap deflection 

\ oj min 

of 30°, 


/'cjj'\ atR = 1.5x 10^ 

— 

(Cfl \ at R = 6 X 10^ 

V o/min 


\ o/min 


+ 0.0001 


= 0.0097 + 0.0001 
= 0.0098 (fig. 42) 


(2) Using (Cfl \ = 0.0098, an approximate ciirve of 

\ “o/min 

at R = 1.5 X 10^ and 5p = 30° is drawn (fig. 42). 

"bucket" of this ciirve is faired out, and c-, =0.5 1b 

''opt 

Cj = 0.0102. 

0 


Cj against 
“o 

The low -drag 
located at 


(3) 


0.9c 7 - C7 ^ 

^max ^opt _ 

C7 - C7 2.45 

max opt 


0.8 

oTs 


0.764 


Ac^ = 0.014 (fig. 37) 
o 


Co at O.9C7 (vmcorrected for rovighness) = 0.0102 + 0.0123 
°o ^max 


= 0.0225 


Correction of Ci for roughness.- A study of roughness effect 
''max 

indicates that a reduction in of 0.10 at a Reynolds number of 

max ^ 

1.5 X 10° is reasonable. At R = I.5 X 10° and 5^ = 30°, 

= 2.45 - 0.10 = 2.35 and 0.90^ = 2.11. 

^max max 
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Correction of at 0.9c 7 for roughness.- For the basic 

^max 

airfoil at R = 6 X 10^, the increase in (c^ \ due to roughness is 

\ ‘^ojmin 

0.00^5 (fig. i^l). 

c^ = 2.65(R) from reference 1 

L 

-2 *58 

c = 0.910(log R) from reference 1 

It 

For the first 30 percent of the chord: 

At R = 6 X 10^, 

Cf = 2.65(0.3 X 6 X 10^)'^'^^ = 0.00198 

Li 

Cf^ = 0.910 log (0.3 X 6 X 10^)"^'^ = 0.00798 

At R = 1.5 X 10^, 

Cf^ = 2.65(0.3 X 1.5 X 10^)'^^^ = 0.00395 
Cf^ = 0.910 log (0.3 X 1.5 X 10^)'^'^ = 0.01045 

Thus^ 

6 _ jl.g 

('% ■ "^l) 6 ■ 'fOl.s 
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0 . 004 ^ 

0.00798 - 0.00198 



0.01045 - 0.00395 




Therefore, 


c 


at 


0 - 9 c 7 = 0.0225 + 0.0065 = 0.0290 

‘'max 


A similar analysis was made of the NACA 65,3-118 airfoil and flap 
(item 6 of table II) j a flap deflection of 20 ® was used because data at 
higher deflection angles were insufficient to use with this method. The 
following values were obtained: 


c (R = 6 X 10^, = 20°) = 2.45 

^max 

c (R = 1.5 X 10 ^, 5 = 20°) = 2.20 

^max ^ 

c^max “ 1*5 X 10^, 5^ = 20®, corrected for roiighness) = 2.10 

c. at O. 9 C 7 (R = 6 X 10^, = 20®) = 0.021 

o ^max ^ 

c^ at O. 9 C 7 (R = 1.5 X 10^, = 20^) = 0.0306 

^o ^max ^ 

c^ at 0 . 9 c 7 (R = 1.5 X 10^, 5^ = 20^, corrected for 

^o ^max ^ ^ 

roughness) = 0.0370 

Note that the value of c^ at the low Reynolds number appears very 


conservative. 
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APPENDIX B 
FLAP AND AILERON CONTROL MECHANISM 


The consideration of improving the take-off performance of personal- 
type airplanes led to the selection of a fvill-span, single slotted flap 
as the high-lift device best suited to this p\irpose (from section 
"Selection of High-Lift Device"). Since it is desired to present a 
practical solution to the problem and since satisfactory lateral control 
is of primary Importance, it is felt that the presentation of a simple 
form of control mechanism that will actuate the movable surfaces both 
as flaps and as ailerons should be included. 

In the following explanation, the movable wing surfaces are referred 
to as flaps when they are being actuated as flaps and as ailerons when 
they are actuated for lateral control. 

For the externally hinged surface, the normal "up" position of the 
flaps for the cruise condition is 5 ° down. No appreciable Increase in 
drag over 0° flap deflection is indicated by section data (reference k) 
for the range of lift coefficients Involved. This allows some small 
upward movement of the surfaces for aileron action. Section data show 
that, as the flaps are deflected above 30°, no fvtrther Increase in C-^ 

is obtained, and above 35° the maximum value of begins to decrease. 

Since a decrease in lift with a downward deflection of ailerons is 
undesirable, the maximum down position of the flap is limited to 30°. 

This is adequate for both the take-off and landing consideration. 

The control mechanism operates push rods connected to bell cranks. 
Dual cables may be routed from these bell cranks to a bell crank in 
each wing. The bell crank in the wing, through a push rod, can raise 
or lower the surfaces for both flap and aileron action. Some types of 
installations may lend themselves more readily to a complete push-rod 
system. The type of system is of no consequence, since the total action 
is governed by the central control mechanism. 

The control mechanism is made up of a "T" arrangement consisting 
of a crossbar mounted on a vertical shaft which is capable of rotation 
in two planes. This is provided by incoirporatlng a universal joint in 
the shaft at the base of the T. The shaft is free to rotate in a tube 
which is rigidly connected at the base of the T to an axis perpendic- 
ular to the center shaft. The universal joint permits rotation of the 
crossbar of the T by a rigidly mounted power soiirce driving the center 
shaft, even though the tube housing the shaft may be rotated away from 
the vertical . 
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Push rods connect the bell cranks to the crossbar. Rotating the 
crossbar operates the surfaces together as flaps. Rotation about the 
axis at the base of the T operates the surfaces as ailerons. This 
action is, of course, provided by connections to the control wheel. 

Since flap action and aileron action are separately provided, simulta- 
neous operation of both mechanisms is possible. Schematic diagrams will 
serve to illustrate the action of the system. 

Figure 43(a) shows the flaps in the cruise or "up" position with 
ailerons neutral. It should be noted that, in the front view 
(fig. 43(b)), a line joining the pin connections between the crossbar 
and push rods to the base of the T is at an angle of 6o° to a vertical 
plane passing through the axis of rotation. 

Control movement for a left bank with the flaps in the cruise posi- 
tion is shown in figure 43(c). It was determined that a 15° displace- 
ment between the ailerons is required to provide a satisfactory rate of 
roll. The T section is rotated about its base, or x-axls, and that 
rotation is taken as 0° to 3^0° in a clockwise direction. The left side 
of the crossbar is rotated from 300° through 270 ° (dead center) to a 
stop position at 240°. This 6o° displacement actuates the bell-crank 
system so that the left aileron is moved upward approximately 2° and 
returned to the original 5° down position. The right side of the cross- 
bar is rotated from its original position at 6o° to 0°, and this move- 
ment actuates the bell cranks to lower the right aileron to 20°. This 
action provides the required aileron displacement and a rolling moment 
resulting in a bank to the left. Rotation of the control wheel to the 
right produces the same effect in the opposite direction. 

Rotation of the crossbar about the vertical or z-axis actuates the 
bell cranks together to result in deflecting the flaps. A schematic 
diagram of the action is shown in figure 43(d). Note in the front view 
of the diagram (fig. 43(e)) that the positions of the ends of the cross- 
bar are now reversed, with the pin connecting the push rod to the left 
aileron at 6o° and the pin connecting the push rod to the right aileron 
at 300°. 

Figure 43(f) shows a diagram of the system for a left bank. For 
control-wheel rotation to the left, the pin connection at 60 ° moves to 
0° actuating the bell crank to raise the left aileron to 15°. The pin 
connection at 300° moves down through 270° to 24o°, but, with the cross- 
bar in the position for flaps down, this lowers the right aileron 
approximately 2° and returns it to its original position of 30° down. 

This provides an aileron displacement to produce a rolling motion to the 
left. Opposite movement of the control wheel produces the opposite 
aileron deflection and a bank to the right. 
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When the crossbar is rotated so that both pin connections in the 
front viev are at 0°^ the flaps are deflected to the midposition. Move- 
merit of the control wheel in either direction produces equal up-and- 
down deflection of the ailerons. The stop limit of 6o^ to either side 
is still satisfactory since the radius (in the front view) about the 
x-axis is greatly reduced^ which reduces the lateral displacement of the 
pin connections. Full movement of the control wheel produces only a 
15 ^ displacement between ailerons. 

The same aileron differential has been maintained throughout the 
range of flap deflection. The slope of the lift curve decreases some- 
what with flap deflection^ resulting in increased aileron effectiveness 
at the high deflections. This^ in turn^ results in slightly increased 
values of pb/2V for the take-off and landing configuration. This was 
considered desirable for the low-speed condition. Variations in aileron 
differential action with flap deflection could be realized by simply 
varying the length and angular displacement of the crossbar. This would 
change the radius of the push rod connecting pine with respect to the 
x-axis of rotation^ thus changing the lateral displacement of the pin 
connections and the angular movement of the bell cranks. 

The high-lift device selected with the hinge location shown in 
figure 3^ reference 7^ indicates the use of either external hinges or 
tracks. For simplicity^ external brackets were assumed for this anal- 
ysis. Another type of flap support which may be housed within the wing 
contour is shown in figure 44. The linkage shown will not provide 
exactly the same movement throughout the range of flap deflections as 
that with the external hinge or track. Two positions (probably the 
cruise and take-off positions) may be selected and the mechanism may be 
designed to provide correct positioning at these deflections. Inter- 
mediate deflections will slightly alter the width of the slot. 

There are a number of variations of the mechanism that would actu- 
ate the system. There are^ no doubt, differences in weight and com- 
plexity for each design but no attempt is made to analyze various 
arrangements. The control mechanism presented is simply one method by 
which the desired operation may be obtained. 
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APPENDIX C 
STABILITY AND CONTROL 


Longitudinal stability and control .- The airfoil data for the modi- 
fied configuration of the typical airplane described In this report 
were taken from reference J, figure 3- The procedure followed In this 
analysis Is from reference 57^ chapter !<•. 

The equation for the pitching -moment coefficient for the complete 
airplane Is given as 


m 



- ^t 


^^t 1 - (ap/jiA) 

^ + (V"^) 


Cl + c„ 


cS 1 + ( ao/TtAt ) “'‘i 


where 

6 distance of center of gravity from wing leading edge 

h distance of aerodynamic center from leading edge 

T)^ tall efficiency factor 

I tall length 

c mean aerodynamic chord 

tall area 

S wing area 

slope of section lift curve (assumed the same for both wing 
and tall) 

A wing aspect ratio 

Aj. tall aspect ratio 

Cjn moment coefficient about aerodynamic center 


decalage angle 
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A schematic diagram of the skeleton airplane shows the forces and 
notations: 



The effect of vertical center-of-gravity displacement is taken into 
account hy the empirical correction stating that 


^eff ^ ^true _ ^ 

c c 10 c 


where h is the vertical displacement of the wing chord line from the 
reference axis and the effect of the destabilizing influence of the 
fuselage is taken as 



fuselage 


0.03 


A full explanation of these factors is contained in reference 57* 

Th.e equation for the trim condition of the airplane with the cor- 
rections included becomes 




Hrue _1_ ^ 

c 10 c /fuselage 


- 


iSt 1 


(V"A) 


cS 1 + 




Cl 


+ 

“o 


’ll 


ZSt 


cS 1 + 


ao 




a. 
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It is assTjmed that the modified wing is of rectangular plan form 
and that the incidence is the same as that for the original airplane. 
Using section data from fig\ire 3 of reference 7 0J^,d the methods described 
in chapter 1 of reference 57^ "the characteristics of the modified wing 
were determined. All other dimensions and areas were taken directly 
from drawings and data on the selected airplane. 

Since it is assumed in the basic theory that the moment coefficient 
remains constant with aspect ratio^ and since the angle of zero lift is 
constant, it is not necessary to determine the characteristics of the 
finite wing. All terms of the above equation can be taken from the 
section data, dimensions, or assumed values from reference 57* 

The first condition investigated is for flaps deflected 30°. The 
equation for the moment coefficient in terms of the lift coefficient C]^ 

for the center of gravity at 25 percent mean aerodynamic chord becomes. 


Cm ~ 


0.25 - — + 0.03 - 0.25 

, 10 60.9 


. n, (i 6 i. 21 )( 38 . 4 ) 1 - (6.02/7.^Jt) 

^ (6o.9)(l92) 1 + ( 6 . 02 / 3 . 64 «) 


Cl + 


Cyn 

“o 


„ (161.21) (38.4) 8.02 ___ /0.301) 

(6o.9)(i92) 1 + ( 6 . 02 / 3 . 64 ji) 


= [(-0.02) - (0.206^ Cl + Cjjj^ + 0.503 


= -o. 226 Cl + + 0.503 


With a longitudinal shift in the center of gravity, the value of 
b/c will change and, for the conditions selected, the values of the 
first term in the above equation become -0.334 Cl for the center of 

gravity at 15 percent mean aerodynamic chord, -0.226 Cl for the center 
of gravity at 25 percent mean aerodynamic chord, and -O.IISCl for the 
center of gravity at 35 percent mean aerodynamic chord. 
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For conditions of a deflected elevator^ the value of the decalage 
will change. From reference 57^ page 150, 


= -Ke 

where 

K fiinction of ratio of elevator to total tall chord (from 

fig. k.9, reference 57) 

e elevator deflection, positive for down elevator 

The value of K for the horizontal siirface is, for 


Elevator chord _ 13 *5" 
Mean tall chord 37*0" 


0.365 


K = 0.67 


For the vsilues of elevator deflection selected, for a center-of-gravity 
position at 25 percent mean aerodynamic chord, the values of due 

to decalage are as follows: 


10 ° 

0 ° 

10 ° 

20 ° 


down elevator 

elevator ( C_' 

) = 


/ad 

up elevator j 


up elevator | 



°-d 


0.308 


0.503 


= 0.699 
= 0.894 


Values of Cjjj for various values of were computed for different 

center-of-gravity locations and elevator deflections. Curves for the 
results are shown in figure 28. 

For the condition of flaps down 5° for the cruise operation, the 
last two terms of the moment -coefficient equation will change. The 
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values of for various values of Cj^ are obtained from the section 

data of reference 7- The last terms of the equation vary with the 
decalage angle. Since 


“"d ■ “'wing " °4;all 

Then, for the modified airplane, with the elevator at 0° deflection, 

= (5 + 2.25) - (-1) 

= 8.25° 

= O.lMf radian 

Ft)r values of elevator deflections selected for the 25-percent center- 
of -gravity position^ the values of due to decalage are 

10^ down elevator = 0.0^5 

0° elevator = 0.24l 

10° up elevator = 0.436 

20° up elevator = O. 63 I 

Values of Cjj^ for various values of were computed for different 

center -of -gravity locations and elevator deflections. Results are 
plotted in figure 30. 

Lateral control .- The method by which the amount of rudder deflec- 
tion required to overcome the adverse yaw during a roll was obtained is 
covered in the following example. The basic conditions are: 

Gross weight W = 2280 poimds 
Velocity V = 100 miles per hour 
Lift coefficient = 0.465 


li4 
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From reference 56 a 
on aileron effectiveness 


satisfactory measure of the rate of roll based 
is given by the expression: 


2 V 


(k)(A6a) 

~/ ( 114 . 6 ) 0 ^ " 


where 

C2 rate of change of rolling-moment coefficient with aileron 

® angle 6 

k aileron effectiveness factor; effective change in angle of 

attack of wing-aileron section per unit aileron deflection 
(Aa/AB) 

ABg^ angular difference between up and down ailerons, degrees 

C-, rate of change of rolling-moment coefficient with helix angle 


Using the curves in figure 2 , reference 56, for the taper ratio 
and aspect ratio selected, and assuming that there is no loss in lift 
across the fuselage: 


C2 = 0.54 


From a cross plot of the data in figure 16, reference 58, and figxire 1 , 
reference 56, for values of against A, 

Czg/k = 0.87 

For the cruise condition^ with flaps deflected 5 ^^ the change in angle 
of attack with flap deflection at the value of lift coefficient involved 
is: 
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This approximate value^ taken from the section data of figure 3^ refer- 
ence 'J , holds for aileron deflections up to about 20°. 

Substituting these values in the equation for aileron effectiveness 


The condition under investigation is for a coordinated maneuver 
in which there is no sideslip and the rudder forces are determined for 
that condition. 

Assiaming a differential aileron movement for which a tentative 
linkage has been studied, the angular displacement of 15.1°, starting 
from a position of 5° down, will be obtained with a 5° deflection on 
one wing and 20.1° on the other. 

From a cross plot of the curves in figure 13, reference 52, for the 
aspect ratio and taper ratio involved. 



A6^ = 0.07 


(114.6) (0.5A) 
(0.8t)(0.33) 



= 0.0078 


where C2 is the rolling-moment coefficient, and, since 


Act = k A5g^ 


= 0.33 X 15.1° 


= 4.98° 


then. 


Cl = 0.0078 X 4.98° 


= 0.0388 
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The induced yawing moment for ailerons with differential deflec- 
tion is calculated from the theory developed in reference 52. The 
increment CxJCl for the aileron differential of 15 . 1 ° is based on a 
mean deflection of -7.55° anh determined from the equation, 


A(Cn/Cz) = k 


where 

yawing -moment coefficient 

incremental effective angle-of-attack change resiilting from 
aileron deflection 

The value of taken from figure 15^ reference 52^ and corrected 
for aspect ratio is 

k = (0.0145) 

= o.on6 


and, based on the previously determined value of change in angle of 
attack with aileron deflection. 


^ = 0.33 X -7-55° 
= -2.49° 


Then 


A(Cn/Ci) = k ZOm 

= (0.0116) (-2.49°) 


-0.0289 
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For the effect of equal up and down deflection for the total 
angular difference of 15-1°^ from the theory of reference 52, 


Cn/Cz = kCL 


From a cross plot of the data in figure 13, reference 52, for the 
given aspect ratio and taper ratio. 


k 


Cn/Cz 


0.15 


For = 0.465, 

Cn/Cz = -(0.15) (0.465) = -0.0697 
A(Cn/Cz)= -0.0289 

Total Cn/Cz = -O.O986 

For Cz = 0.0388, 

Cn = (-0.0986) (0.0388) 

= -0.003825 

and the total induced yawing moment is 
N = CnqSh 

= (-0.003825) (25.56) (192) (38) 

= -714 foot-pounds (adverse yaw) 
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The yawing moment due to the profile drag of the differentially 
deflected ailerons (5° and 20.1°) taKen from section data of figure 3^ 
reference "J, would he 


Nc 


Dr 




(S/2)(bA)q 


>‘=“0)20.10] * [K)5 o] (S/ 2 )(“A)q 


= (-0.0077 + 0.0062) (192/2) (38/4) (25. 56) 


= (-0.0015) (96) (19/2) (25.56) 


= -35.2 foot-pounds 


The total adverse yawing moment is 


%otal ^induced %t 


= -714 - 35-2 


= 749.2 foot-pounds 


The side force on the vertical surface, then, wo\ild be 


F 

V I 


749.2 

I3T43 


= 55-6 pounds 
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The liTt coefficient required from the vertical tail is 


F 

Ct = — 

Sr qS 


(25. 56 ) ( 17 . 43 ) 
= 0.1245 


Using the dimensions of the vertical tail surface of the original 
airplane, the slope of the lift curve of an NACA 0012 airfoil (refer- 
ence 5) and a rudder effectiveness factor taken from an extrapolation 
of figure 11, reference 52 (Ar/ASa for unsealed flaps), the rudder 
angle required to develop the lift coefficient calculated above can be 
determined. 

From data furnished on the airplane, the vertical surface area is 
17.48 square feet. 

The slope of the lift curve for the aspect ratio of 1.52 and an 
NACA 0012 airfoil is 


1.^ 

JtA 


^ 0.1088 

" (57.3)(0.1088) 

n(l.52) 

= 0.0473 per degree 


Figure 11 of reference 52 (extrapolated) gives a rudder effective- 
ness factor of 0 . 57 . 


The rudder deflection required to develop the calculated C^ of 
0.1245 is 


c? * 

°rudder “ 


0.1245 

( 0 . 0473 )( 0 . 57 ) 


4.62° 
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TABLE I.- SUMMAKf OF COMPlfTED DATA 


Span 

loading, 

w/b^ 

(ib/eq ft) 


Wing 

loading, 

w/s 

(Ib/sq ft) 


Aspect 

ratio, 

A 


Power 

loading, 

w/p 

(Ib/bhp) 


Gross 

weight, 

W 

(lb) 


Wing 

Wing 

Engine 

span. 

area. 

power. 

b 

(ft) 

S 

(sq ft) 

P 

(bhp) 


Additional drag coefficient 


at take-off 


I>t 




V 

''max 

®g 

V 

’max 

«t 

(ft/sec) 

(ft) 

(mph) 

(ft) 


Additional drag 
coefficient at 
take-off 
= 0.1 


^^Inax 


g 

(ft) 


“t 

(ft) 


Additional drag 
coefficient at 
take-off dCj. =0.2 




g 

(ft) 


«t 

(ft) 


Ground friction coefficient |i = 0.20 


0.75 

5.62 

7.5 

20 

3550 

68.8 

632 

178 

2.20 



937 



1513 



1.0 

5.0 

5.0 

10 

Above 5000 

— 

— 

— 














15 

7000 

84.6 

1400 

466 

1.80 

223 

435 

152 

870 

— 




20 

3750 

61.2 

750 

188 

1.65 

178 

1000 

121 

l64o 




7.5 

7.5 

12.5 

4500 

67.1 

600 

360 

3.00 

252 

276 

172 

680 

2.97 




15 

3450 

58.6 

460 

230 

2.76 

221 

437 

151 

898 





17.5 

2980 

54.6 

398 

170 

2.62 

196 

648 

134 

1204 

2.55 


10 

10 

12.5 

3575 

60.0 

358 

286 

4.00 

254 

300 

173 

707 





15 

2940 

53.4 

284 

190 

3.58 

224 

452 

153 

923 






20 

2425 

49.1 

243 

121 

2.95 

186 

1355 

127 

2014 



1.1 

8.25 

7.5 

10 

7300 

81.5 

885 

730 

3.30 

297 

253 

202 

615 

— 

1.5 

11.25 

7.5 

10 

4500 

54.8 

400 

450 

3.66 

292 

291 

199 

686 

3.48 




12.5 

3180 

46.0 

283 

254 

3.30 

254 

407 

173 

860 






15 

2650 

42.1 

236 

177 

3.05 

214 

635 

146 

1168 

2.96 




17.5 

2430 

40.3 

216 

139 

2.75 

192 

1010 

131 

1693 




15 

10 

20 

2100 

37.4 

140 

105 

3.30 

180 

2060 

123 

2958 



2.0 

5 

2.5 

15 

4200 

49.0 

840 

280 

1.23 

204 

685 

139 

1364 




10 

5 

10 

4000 

44.7 

400 

4oo 

2.75 

279 

324 

190 

754 






15 

2675 

36.6 

268 

178 

2.25 

206 

736 

140 

1390 

— 




20 

2250 

33.6 

225 

113 

1.82 

160 

2230 

109 

3260 




15 

7.5 

10 

3650 

43.0 

243 

365 

3.80 

289 

391 

197 

838 

3.73 




12.5 

2775 

37.3 

185 

222 

3.50 

242 

522 

165 

1030 

3.4 o 




15 

2410 

34.8 

161 

161 

3.20 

210 

790 

143 

1438 

3.00 




17.5 

2200 

33.2 

147 

126 

2.84 

187 

1382 

127 

2200 






20 

2040 

32.0 

136 

102 

2.69 

168 

2420 

n4 

3540 

2.50 


20 

10 

10 

3330 

40.8 

168 

333 

Above 4.4 

289 



197 








15 

2250 

33.6 

113 

150 

4.20 

214 

841 

146 

1529 






20 

1975 

31.5 

99 

99 

3.36 

178 

304 o 

121 

4268 



2.5 

18.75 

7.5 

17.5 

2075 

28.9 

m 

119 

2.96 

182 

1687 

124 

2680 

2.65 

2.67 

20 

7.5 

20 

i960 

26.6 

98 

98 

2.70 

165 

4250 

112 

6016 


3.0 

7.5 

2.5 

10 

5400 

42.4 

721 

540 

1.55 

272 

436 

185 

922 




15 

5 

10 

3500 

34.2 

233 

350 

2.82 

284 

514 

193 

1014 






15 

2325 

28.0 

157 

157 

2.36 

200 

1100 

136 

1945 






20 

1990 

25.8 

133 

96 

1.75 

154 

4800 

105 

6760 




20 

6.67 

10 

3220 

32.8 

161 

322 

3.70 

284 

525 

193 

1025 

— 




15 

2225 

27.3 

111 

148 

3.02 

203 

1250 

138 

2090 






20 

1950 

25.5 

98 

98 

2.40 

160 

5580 

109 

8l4o 

— 


22.5 

7.5 

10 

3120 

32.2 

139 

312 

4.20 

283 

507 

193 

1028 






12.5 

2480 

28.7 

110 

199 

3.82 

236 

754 

161 

I4l4 






15 

2240 

27.3 

100 

150 

3.30 

208 

1307 

142 

2183 

— 


335 


914 


333 


734 


444 

624 

1075 


6510 


3380 


830 

1,840 


778 


1,580 


971 

1,290 

2,070 


13,300 


6,200 


2.98 


2.55 


3.44 


2.90 


3.70 

3.28 

2.94 


No 

take-off 


408 


2530 


383 


1120 


503 

773 

1628 


No 

take-off 


1128 


6250 


962 


2950 


1200 

1790 

4250 


No 

take-off 


\J1 

VJl 
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TABLE I.- SUMMARY OF COMPUTED DATA - Concluded 


Span 

loading, 

w/u2 

(Ib/sq ft) 

Wing 

loading, 

w/s 

(lU/sq ft) 

Aspect 

ratio, 

A 

Power 

loading, 

w/p 

(Ib/bhp) 

Gross 

weight, 

W 

(lb) 

Wing 

b 

(ft) 

Wing 

area, 

S 

(sq ft) 

Engine 

power, 

P 

(bhp) 

Additional drag coefficient 
at take-off = 0 

Additional drag 
coefficient at 
take-off 

Additional drag 
coefficient at 
take-off 
= 0.2 


Vmax 

(ft/sec) 

Sg 

(ft) 

Vmax 

(raph) 

St 

(ft) 


®g 

(ft) 

St 

(ft) 


(ft) 

Bt 

(ft) 






Ground friction coefficient 

= 0.10 









1.0 

7.5 

7.5 

12.5 

U5OO 

67.1 

600 

360 

2.70 

— 

180 

--- 

552 

— 

--- 

— 

— 

... 

— 




15 

3^50 

58.8 

460 

230 

2.65 

— 

260 

— 

702 

— 

— 

— 

— 

— 

— 




17.5 

2980 

54.6 

398 

170 

2.40 

— 

330 

— 

855 

2.41 

405 

1304 

— 

— 

— 

1.5 

11.25 

7.5 

10 

4500 

54.8 

400 

450 

3.58 

— 

196 

— 

585 

— 

— 

— 

— 

— 

— 




12.5 

3180 

46.0 

283 

254 

3.17 

— 

252 

— 

722 

— 

— 

— 

— 

— 

— 




15 

2650 

42.1 

236 

177 

2.85 

— 

366 

— 

884 

— 

— 

— 

— 

— 

— 




17.5 

2430 

40.3 

216 

139 

2.60 

— 

479 

— 

1121 

— 

— 

— 


— 

— 

2 

15 

7.5 

10 

3650 

43.0 

243 

365 

3.70 

— 

260 

— 

699 

— 

— 

— 

— 

— 

— 




12.5 

2775 

37.3 

185 

222 

3.35 

— 

332 

— 

830 

3.25 

377 

1014 

3.05 

463 

I4l8 




15 

2412 

34.8 

161 

161 

3.03 

— 

462 

— 

1065 

— 

— 

— 

— 

— 

— 




17.5 

2200 

33.2 

147 

126 

2.76 

— 

657 

— 

1408 

— 

— 

— 

— 

— 

— 

3 

22.5 

7.5 

10 

3120 

32.2 

139 

312 

4.10 

— 

348 

— 

850 

— 

— 

— 

— 

— 

— 




12.5 

2480 

28.7 

no 

199 

3.60 

— 

478 

— 

1100 

— 

— 

— 

— 

— 

— 




15 

2240 

27.3 

100 

150 

3.10 

— 

710 

— 

1520 

— 

— 

— 

— 

— 

— 






Ground friction coefficient 

H = 0.05 










1.0 

7.5 

7.5 

12.5 

4500 

67.1 

600 

360 

2.90 

— 

156 

--- 

536 

— 

... 

— 

— 

... 

— 




15 

3450 

58.8 

460 

230 

2.55 

— 

205 

— 

6U7 

— 

— 

— 

— 

— 

— 




17.5 

2980 

54.6 

398 

170 

2.25 

— 

273 

— 

778 

— 

— 

— 

— 

— 

— 

1.5 

11.25 

7.5 

10 

4500 

54.8 

400 

450 

3.60 

— 

164 

— 

553 

— 

— 

— 

— 

— 

— 




12.5 

3180 

46.0 

283 

254 

3.02 

— 

234 

— 

672 

— 

— 

— 

— 

— 

— 




15 

2650 

42.1 

236 

177 

2.80 

— 

286 

— 

804 

— 

— 

— 

— 

— 

— 




17.5 

2430 

40.3 

216 

139 

2.52 

— 

384 

— 

1012 

— 

— 

— 

— 

— 

— 

2.0 

15 

7.5 

10 

3650 

43.0 

243 

365 

3.60 

— 

225 

— 

656 

— 

— 

— 

— 

— 

— 




12.5 

2775 

37.3 

185 

222 

3.20 

— 

281 

— 

764 

3.10 

320 

936 

2.95 

380 

1312 




15 

2412 

34.8 

161 

161 

2.90 

— 

372 

— 

963 

— 

— 

— 

2.75 

519 

3140 




17.5 

2200 

33.2 

147 

126 

2.55 

— 

395 

— 

n30 

— 

— 

— 

— 

— 

— 

3.0 

22.5 

7.5 

10 

3120 

32.2 

139 

312 

4.00 

— 

297 

— 

792 

— 

— 

— 

— 

— 

— 




12.5 

2480 

28.7 

no 

199 

3.40 

— 

410 

— 

1005 

— 

— 

— 

— 

— 

— 




15 

2240 

27.3 

100 

150 

3.00 

— 

607 

--- 

1335 

— 

— 

— 

— 

— 

— 

• 





Ground friction coefficient 

H = 0.02 










2 

15 

7.5 

12.5 

2775 

37.3 

185 

222 

3.20 

— 

252 

... 

735 

.... 



.... 

... 

— 






Ground friction coefficient 

n = 0 










1 

7.5 

7-5 

12.5 

4500 

67.1 

600 

360 

2.80 



133 

— 

509 

— 

... 

— 

— 

... 

— 




17.5 

2980 

54.6 

398 

170 

2.20 

— 

216 

— 

723 

— 

— 

— 

— 

— 

— 

2 

11.25 

7.5 

12.5 

2775 

37.3 

185 

222 

3.18 

— 

238 

— 

721 


— 


— 
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TABLE II.- SOTfWFY OF HICH-LIFT-1»VICE DATA 


Item 

Hlgh-llft device 

NACA 

airfoil 

section 

Flap 

chord 

«eff 

with 

^max 

take -off 
flap setting 

Bf for 
tate-off 
(deg) 

Cl ' 

‘max 

corrected for ' 

R - 1,500,000 

Cdo at ( 

for take-off 6f 

at Cl - ^ 

MaxUnn ^ 

Bf for , 

■iiirliuM Cl 

< , ‘max 

(deg) 

■d« 

B^-0- 

Reference 

Configuration 

‘^Imax 

1.5 

2.0 

2.5 

1 

)Ottble slotted flap 

23012 

0.1467 

.2566 

3.5 X 10^ 

3.08 

25, 65 

2.94 

0.20 


0.072 

0.096 

3.35 

35, 70 

0.0088 

17 

^ ^ 



2 

Double slotted flap 

23012 

.2270 

.2566 

3.5 

3.15 

30, 60 

3.01 

.17 


.055 

.076 

3.45 

30, 70 

.0088 

10 




3 

Double slotted flap 

23021 

.1467 

.2566 

3.5 

3.06 

20, 60 

2.69 

.28 

— 

.148 

.175 

3.32 

30, 70 

.0122 

19 


h 

Double slotted flap 

23021 

.2267 

.2566 

3.5 

3.00 

20, 50 

2.63 

.18 

0.048 

.056 

.075 

3.56 

30, 60 

.0122 

10 


5 

Double slotted flap 

23030 

.2600 

.2566 

3.5 

3.30 

20, 50 

.... 

.22 

.102 

.110 

.122 

3.70 

40, 80 

.0175 

10 


6 

Double slotted flap 

65,3-110 

.309 

6.0 

2.88 

35 

2.63 

.025 

.009 

.017 

.022 

3.40 

65 

.0047 

20 


7 

Double slotted flap 

653-418 

.29 

1.9 

2.92 

4o 

2.88 


.0248 



3.51 

65 

.0061 

12 





8 

Single slotted flap 

23012 

.40 

3.5 

2.80 

40 

2.66 

.16 

.015 

.043 

.092 

2.91 

50 

.0100 

9 


9 

Single slotted flap 

23021 

.40 

3.5 

2.62 

20 

2.25 

.13 

.043 

.054 

.075 

2.87 

50 

.0140 

11 



10 

Single slotted flap 

23030 

.40 

3.5 

2.48 

20 

— 

.14 

.052 

.057 


2.88 

50 

.0230 

21 


U 

Single slotted flap 

63,4-420 

.25 

6.0 

2.83 

30 

2.45 

.0297 

.0118 

.0173 

.0232 

3.00 

40 

.0058 

7 


12 

Slotted deflector flap 

23012 

.25 

3.5 

2.70 

50 

2.56 

.13 

.076 

.097 

.110 

2.70 

50 

.0150 

18 


13 

Slotted flap with 
auxiliary 0.05c split flap 

23012 

.2566 

3.5 

2.74 

30, 60 

2.60 

.12 

.036 

.050 

.074 

2.83 

40, 70 

.0250 

15 


lU 

Slotted flap with 
auxiliary 0.10c slotted flap 

23012 

.2566 

3.5 

2.96 

40, 60 

2.82 

.155 

— 

.082 

.114 

2.99 

40, 70 

.0120 

15 


15 

Plain flap 

23012 

.20 

3.5 

2.38 

60 

2.24 

.19 

.152 

.154 


2.40 

75 

.0090 

16 

c Tp. 



16 

External -airfoil flap 

23012 

.2667 

3.5 

2.28 

30.2 

2.14 

.095 

.028 

.046 


2.37 

40.5 

.0100 

16 


17 

Split flap 

23012 

.20 

3.5 

2.29 

30 

2.15 

.115 

.080 

.083 


2.54 

75 

.0090 

16 




\ 

18 

Fowler flap 

23012 

.30 

3.5 

3.30 

40 

3.16 

.17 

.080 

.095 

.113 

3.30 

40 

.0090 

26 


19 

Venetian-blind flap 
U vanes, 0.10c 

23012 

.40 

3.5 

3.28 

30 

3.14 

.14 

.028 

.031 

.050 

3.60 

40, 50 
50, 70 

.0090 

14 

^ ^ ^ 

20 

Venetian-blind flap 
U vanes, 0.075c 

23012 

.30 

3.5 

3.40 

20, 30 
40, 50 

3.26 

.17 


.055 

.070 

3.40 

20, 30 
40, 50 

.0090 

23 



X 

\ 



Detail of Item 11 

Flap-deflection angles 5^ are given for the fore and aft flap, both measured from the basic 
section chord line, except for Item 19. For details of this arrangement, see reference lU. 
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TABLE III. - GENERAL AIRPLANE DATA^ 


Item 

Original 

Modified 

Gross weight, pounds 

2280 

2280 

Wing area, square feet 

165 

192 

Span, feet 

38 

38 

Aspect ratio 

8.75 

7.5 

Mean aerodynamic chords inches . . 

52.32 

60.9 

NACA airfoil section 

Modified 43012 

63 , 4-420 

Flap type 

Partial-span 

plain 

Full- span 

single slotted 

Flap chords percent chord .... 

19.2 

25.0 

Horizontal tail area^ square feet 

38.40 

38.40 

Vertical tail area^ square feet 

17.48 

17.48 


^he airplane selected for this analysis is a single -engine^ 
four -place, high-wing monoplane equipped with conventional landing 
gear and embodying features found in most airplanes of a similar type. 
It is powered by a l 65 -horsepower, air-cooled, horizontally opposed, 
4 -cylinder engine, and this study assimes the use of a constant- speed 
propeller. 

p 

“=^The modification is a fairing out of the characteristic dip in 
the forward part of the lower surface of the airfoil. 
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Figure 1.- Assvuned profile drag coefficient of wing 
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Figure 2.- Weight of assumed airplane. 


A = 5. 
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Figure 3.- Weight of assumed airplane. A = 7.5 
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Figure ij- 


Weight of assumed airplane. A = 10 
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Figure 5*- Maximum speed of assumed airplane. A = 5 
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Figure 6,- Maxim\ani speed of ass\imed airplane. A = 7-5 < 
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Figure 7*- Maximum speed of assumed airplane 


A = 10 
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Figure 8.- Thrust factors for automatic propellers. 
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Figure 9»- Total take-off distance as function of maximum lift coefficient. 

A = 7.5; W/b^ = 2.0. 


68 


NACA TN 2k0k 



Figure 10.- Minimum take-off distance as function of power loading for 

various span loadings. A = 7-5. 
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Figure 11.- Minimiim take-off distance as function of span loading and 

power loading. A = 5* 
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Figure 12.- Minimum take-off distance as function of span loading and 

power loading. A = 7 - 5 • 
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Figure 13.- Minimim take-off distance as function of span loading and 

power loading. A = 1C. 
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Figure l4.- Effect of ground friction on take-off distance to 50-foot 

height. A = 7 - 5 } ACj-, = 0. 
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Figure 15*- Effect of additional air drag on take-off distance to 50-foot 

height, A = 7-5; h = 0,2. 
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Figure l6.- Optimum take-off velocity 
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Figure 17.- 


Variation of minimum take-off distance and maximum velocity 
with aspect ratio. W/P = 15 j W/b^ = 2.0. 
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Figure l8.- Reduction of take-off distance of typical personal airplane 
by using optimum maximum lift. A = 7.5; W/b^ = 2; W/P = 15; W/S = 15. 
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Figure 19.- Variation of maximum section lift coefficient with design 
section lift coefficient for various airfoils. R = 1.5 X 10^. 

Data from reference 5* 
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Figure 20.- Variation of maximum lift coefficient with thickness ratio 
for various smooth and rough airfoils with and without flaps. 

R = 2 X 10^. Data from reference 5- 
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Figure^l.- Variation of maximum section lift coefficient with position 
of asic section minimum pressure for airfoils having a design lift 

coeficient of 0.2 and a percent thickness of I5. R = 1, 5 x 10^. 

Daa from reference 5. 





Figure 22.- Maximum section lift coefficient for several NACA airfoil 
sections with and without flaps. Data from references 5 and 8. 
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Figure 23.- Variation of L/D with design section lift coefficient for 
NACA 63 -series airfoils. R = 2 x lO^, Data from reference 5. 
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Figure 214 -,- Variation of L/D at 0.9 maximum section lift coefficient 

for various airfoils. Data from reference C 7 is taken at the 

•'max 

particular Reynolds number involved. 
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Figure 25. - Variation of section profile drag coefficient at 0.9 maximum 
section lift coefficient with Reynolds number for various airfoils. 

Data from reference 5; is taken at the particular Reynolds 

^max 


number involved. 
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Figure 26.- Effect of Ct on take-off for example aii^lane. 
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Figure 28 .- Longitudinal stability and trim. Aiii)lane with modified 
wing; flaps down 3QO; data from table II. 
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Figure 29.- Longitudinal trim. Airplane vith modified wingj 

flaps down 30 ° • 


wing; flaps down 5°; data from table III. 
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Figure 31*- 


Longitudinal trim. Airplane with modified wing; 
flaps down 
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Figure 32.- Longitudinal stability. Airplane with modified wing; 

power-off condition. 
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Figure 33 •- Lateral control. Airplane with modified wing; rudder 
deflection requix^ed for reverse yaw due to roll pb/2V, O.O 7 . 
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Figure 3^*- Scale-effect correction for 


Data from reference 6 
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Figure 35-- Scale-effect correction for c? . Figure 36 .- Scale-effect correction for C 7 

^max ^ ^max 
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Figure 37*- Generalized variation of with 


C7 - Cl 

‘'max opt 


From reference 6. 





Maximum Section Li/t Cos/Z/c/ent 



(a) Airfoil with 0.20c split flap and leading-edge roughness; bf = 6 o^; 

from reference 8 . 

(h) Smooth airfoil without flap; from references 5 and 8 . 

(c) Smooth airfoil with 0.20c split flap; bf = 6 o^; from reference 8 . 

Figure 38 .- Effect of Reynolds number, roughness, and flaps on ci 

^ ^max 

for several NACA airfoils. 
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Figure 39*- Section lift coefficient for NACA 63,4-^4-20 airfoil. Data 

from references 5 and 7- 
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Figure 40. - Variation of ( \ with Reynolds number for NACA 

\ O/min 

airfoil. Data from reference 5* 
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Figure ^4-1.- Section drag coefficient against section lift coefficient. 
NACA 63,^-420 airfoil section. Data from reference 5 . 


Figure 42.- Detemination of 

. R = 1. 5 X 10^; 6^ = 


at 0.9c, for NACA 63,k-k20 air- 
''max 

30^; data from reference 7. 
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FLAPS UP 


FLAPS DOAN 


CtvUlSE POSITION 


TAKE-OFF POSITION 



Figure 43.- Flap and aileron control diagram. 

controls, flaps, hinges, etc. are not 


( Diagrams are 
drawn to scale 


schematic ; 

) 
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FLAP tN RETRAC.TFO POSITION 



FLAP EXTENDED-- 20* ROTATION 



FLAP EXTENDED: 30* ROTATION 



Figure 44.- Typical internal flap linkage. 
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